PERIPHERAL ARTERIAL DISEASE (PAD) affects ϳ8 million to 12 million people in the United States and over 200 million worldwide, especially those over the age of 50 (17) . PAD results from atherosclerosis that causes an obstruction of blood flow in the peripheral arteries, most commonly the arteries that perfuse the legs. With the goal to increase blood flow around blockages, clinical trials using drugs and gene delivery aimed at stimulating vascular growth and remodeling have been performed for more than a decade, but these trials have been met with limited success (1, 41, 71) .
Vascular growth and remodeling during physiological or pathological conditions in adults are primarily mediated by arteriogenesis and angiogenesis programs (36, 69) . Arteriogenesis is a vascular remodeling process that leads to increase the diameter of pre-existing conduit vessels (ϳ25-100 m), i.e., arterioles or small arteries, triggered by shear stress and inflammation at the site of blood vessel occlusion. Angiogenesis is a vascular remodeling process that leads to the formation of microvessels (Ͻ20 m) by sprouting or intussusception. Induction of arteriogenesis is needed for the supply of bulk blood flow at the proximal end in ischemic cardiovascular diseases like PAD. In addition, induction of angiogenesis is critical for efficient perfusion of the ischemic tissue in PAD. In addition, inflammation is known to be one of the common driving forces behind both arteriogenesis and angiogenesis during ischemic tissue injuries (2, 56) . This indicates the extensive molecular interactions in the inflammatory environment modulating arteriogenesis and angiogenesis in PAD. In this study, we refer to the "immune response" as inflammation.
In mice, hindlimb ischemia (HLI) induces arteriogenesis in abductor region of thigh and angiogenesis in gastrocnemius and tibialis anterior region of the leg. While the majority of the collateral large vessel network (Ն100 m) occurs in the abductor region of the thigh, arteriogenesis of medium collaterals (ϳ25-50 m) can still occur in the gastrocnemius and tibialis anterior region. Recent reports have shown that while arteriogenesis is needed to compensate for the bulk supply of the blood flow to the ischemic limb, angiogenesis is critical for efficient perfusion recovery of the mice from HLI (44) . This strongly suggests that in addition to arteriogenesis, angiogenesis is critical for perfusion recovery from PAD. Since gastrocnemius muscle constitutes a potential reservoir for angiogenic signaling and to some extent arteriogenic signaling, we chose to use gastrocnemius muscle from C57BL/6 and BALB/c mice (nonischemic and ischemic) to differentiate the gene expression patterns in angiogenic, immune, and arteriogenic signaling networks. Global gene expression analysis suggests that inflammatory and immune responses play a major role in PAD (18) , and the genes involved in the three biological processes of angiogenesis, immune response, and arteriogenesis are the potential reservoir for predictions of novel targets in PAD.
Our study primarily builds on previously published animal models describing the apparent susceptibility of two genetically different mouse strains (C57BL/6 and BALB/c) (8, 16, 19, 57) . It is well known that C57BL/6 and BALB/c mice differ dramatically in their ability to recover from HLI; however, genetic changes that occur in the ischemic hindlimb between these two strains that could determine the perfusion recovery are not known. In our previous experiments we have observed that microRNA-93 (miR-93) is one of the critical microRNAs that is upregulated in C57BL6 ischemic muscle but not in BALB/c (27) . We hypothesized that one of the apparent reasons for the inability for BALB/c to recovery from HLI is due to lower miR-93 levels in ischemic muscle. We confirmed our hypothesis by gain-of-function experiments (injecting miR-93 mimics into BALB/c HLI mice) and by loss-of-function experiments (knocking down miR-93 by injecting antagomir-93 in C57BL6 HLI mice). Scrambled miR-93 served as control in gain-of-function experiments in BALB/c HLI mice and scrambled antagomir-93 served as controls in loss-offunction experiments in C57BL6 mice. In our subsequent experiments we determined to identify and delineate the molecular events in the initial stages of disease progression between C57BL6 and BALB/c HLI mice that can play key roles in the better recovery of C57BL6 mice and worse recovery of BALB/c mice. We collected total gastrocnemius muscle from scrambled miR-93-treated BALB/c mice at day 3 post-HLI (similar to BALB/c 3 days post-HLI) or scrambled antagomir-93-treated C57BL6 mice day 3 post-HLI (similar to C57BL6 3 days post-HLI). RNA microarrays were performed from the RNA extracted from these 3-day post-HLI gastrocnemius tissues. Data obtained from the microarray were used to identify the molecular events that control the perfusion recovery between mouse strains. Available microarray datasets in PAD patients include gene expression analysis of peripheral blood mononuclear cells (42) and human femoral arteries (14, 18) . However, these cells or tissues are very different from the ischemic skeletal muscles that are the site of ischemia and the stimulus for vascular remodeling and growth. The only available gene transcriptional data comparing the ischemic vs. nonischemic gastrocnemius muscles from the two mouse strains at an informative early time point is described in Ref. 27 . The main goal of this study is to determine the differential gene expression changes in the ischemic skeletal muscle between these two strains at an earlier time point to identify the potential molecules that could be responsible for better recovery in C57BL/6 mice and/or for worse recovery in BALB/c mice. Nonischemic muscle from both strains served as the baseline controls for this study. We have previously shown that at day 3 post-HLI the capillary density and perfusion recovery between these two mouse strains are comparable, which makes it a critical time point to investigate the upstream signaling changes between the two strains (43) . By day 7 several changes in blood flow and perfusion recovery between these two mouse strains become significantly different, thereby making time points other than day 3 not relevant for the study.
The failure of several strategies to improve blood flow in PAD suggests a critical need to identify the potential targets that can improve perfusion recovery in PAD. High-throughput data have been successfully used for other diseases, most prominently in cancer, to identify important novel targets. To integrate hundreds of angiogenesis-related molecules and infer angiogenesis-annotated genes and proteins, we have developed a machine learning algorithm to construct the angiome, a global protein-protein interaction network (PIN) relevant to angiogenesis (12) . Such analyses for PAD-related angiogenesis, immune response, and arteriogenesis have not been performed. The primary goal of this study is to use the "omic" approach to identify important set of genes and signaling pathways in PAD, with the eventual goal of identifying new therapeutic targets. We used large-scale high-throughput gene expression datasets from ischemic and nonischemic muscles from the two mouse strains to construct PADPIN, the global PIN of angiogenesis, inflammation, and arteriogenesis in PAD.
METHODS
Animal model of HLI and perfusion imaging. Unilateral hindlimb ischemia was induced in 8 -12 wk old male C57BL/6 (n ϭ 11) and BALB/c (n ϭ 12) mice by surgical ligation and excision of the femoral artery above the inguinal ligament of its bifurcation at saphenous and popliteal arteries as previously described (39) . All the animal protocols in our experiments were reviewed and approved by the University of Virginia Institutional Animal Care and Use Committee. Laser Doppler perfusion imaging was performed immediately on ischemic and nonischemic feet of the mice immediately postoperation. Mice were anesthetized by intraperitoneal injection of ketamine (90 mg/kg) and xylazine (10 mg/kg) throughout the surgical and postoperative imaging process. Laser Doppler imaging to measure the blood flow was measured at day 3, day 7, day 14, day 21, and day 28 time intervals post-HLI (39) .
Animal treatments, tissue isolation, and mRNA array. Animal treatments, tissue isolation, and mRNA array were performed as previously described (27) . In brief, scrambled antagomir-93 sequences were synthesized according to the nucleotide modifications as previously described (37) . Oligonucleotide sequences for scrambled antagomir-93 (6) are 5=-AAGGCAAGCUGACCCUGAAGUU-3=. Oligonucleotides were dissolved in PBS and injected retro-orbitally at a dose of 8 mg/kg body wt, 30 min before HLI (6, 23) . Scrambled miR-93 mimic (cat. #4464058; Ambion, Austin, TX) was also dissolved in PBS, and a total dose of 300 M was delivered to each mouse by intramuscular injection in two sites (100 M in 25 l at each site) of the gastrocnemius muscle and one site in the tibialis anterior muscle (100 M in 25 l) 30 min before HLI (21) .
For mouse mRNA arrays between ischemic and nonischemic tissue, gastrocnemius muscle from BALB/cJ mice (n ϭ 3 per group) was harvested at day 3 after HLI. Total RNA was extracted by the TRIzol total transcriptome isolation protocol. After quality control, RNAs were separated into 50 g aliquots, and arrays were performed with the GeneChip mouse genome 430 2.0 array (Affymetrix, Santa Clara, CA).
Antibodies. Bcl2 (cat. #2772), Bax (cat. #2876), and Caspase-3 (cat. #9661) antibodies were purchased from Cell Signaling and Technology (Danvers, MA). Actin antibody was purchased from Sigma (cat. #A2103; St. Louis, MO).
Western blots. Tissue lysates from scrambled-antagomir-93-treated ischemic C57BL/6 mice and scrambled-miR-93 mimic-treated BALB/c mice [used in the microarray analysis (27) ] were resolved on SDS-PAGE and immunoblotted for Bcl2, Bax, and Caspase-3.
Densitometry and statistics. Densitometry of the immunoblots was performed by NIH ImageJ 1.4 analysis, and the values were plotted on Graph Pad Prism 6.0 for statistical analysis and bar graph presentation. P Ͻ 0.05 was considered statistically significant for western blot analysis.
Construction of PIN of immune response and arteriogenesis. The flowchart of constructing the PADPIN is shown in Fig. 1 . We have constructed a gene search engine GeneHits described in Ref. 12 . Using GeneHits, we have constructed the angiome, the global PIN of angiogenesis, using three resources SABiosciences, Gene Ontology (GO), and GeneCards (54) . The three databases are the resources for the proteins in PADPIN. The Michigan Molecular Interactions (MiMI) database (68) integrates 11 protein interaction data sources (BIND, CCSB, DIP, GRID, HPRD, IntAct, KEGG, MDC, MINT, PubMed, and Reactome). We included all 11 databases from MiMI plug-in 3.0.1 on Cytoscape 2.8 (63) , which are the resources for interactions in PADPIN. The angiome comprises 1,233 proteins and 5,726 interactions; the flowchart for constructing the angiome is shown in Ref. 11 . Following the same protocol described in Refs. 11 and 12, we used 162 immune response-associated proteins from SABiosciences as the query genes in GeneHits, together with the list of genes by searching the keyword "immune" in the GeneCards and GO "GO:0006955: immune system" to construct the immunome, the global PIN of immune response (Fig. 1A) . There are no GO categories or SABiosciences annotations for arteriogenesis. To construct the global PIN of arteriogenesis (arteriome), we searched the keyword "arteriogenic" and "arteriogenesis" in GeneCards, which provides 28 query proteins (Fig. 1B) . We used Cytoscape to plot the PINs (63) .
Mouse microarray data analysis. Table 1 summarizes the four microarray datasets from mouse models of PAD (27) . The gene expression in ischemic and nonischemic gastrocnemius muscle from C57BL/6 and BALB/c mice is from Ref. 27 . We created a preclinical model performing unilateral femoral artery ligation; the 3-day postischemia time point was selected as the one where perfusion recovery was comparable between the strains. The recovery of blood flow after HLI at later time points in BALB/c mice is much poorer than in C57BL/6 mice (16). Global comparisons of microarray samples between the two different mouse strains and between ischemic and nonischemic muscle samples were not investigated in Ref. 27 ; this was accomplished in the present work. We used GenePattern (51) to compute the fold change, P value, and z-score. The datasets for each experimental condition in Table 1 include three samples. We set up the number of permutations as 0 to calculate asymptotic P values by the independent two-sided t-test in GenePattern (51) . We generated the volcano plot of log2 (fold change ratio) vs. Ϫlog10 (P values) with Matlab. All the microarray datasets and simulations are freely provided on request.
Construction of the PIN of PAD and bioinformatics analysis. We used the union of the three PINs (angiome, immunome, and arteriome) as the pool of genes in angiogenesis, inflammation, and arteriogenesis, respectively. The PIN of peripheral arterial disease (PAD-PIN) refers to the subsets of the union of three PINs, filtered by the microarray data of ischemic vs. nonischemic muscle samples in C57BL/6 and BALB/c mouse, respectively (Fig. 1C) . GO provides the resource and terms of biological processes, cellular components, and molecular function in many different species (3). We used ToppGene https://toppgene.cchmc.org/ (9) to analyze GO molecular functions and biological processes of the differentially expressed genes in the mouse microarray data (27) . We used gene set enrichment analysis (GSEA) to determine whether an a priori defined set of genes, e.g., corresponding to the proteins in angiome, immunome, and arteriome, shows statistically significant differences between the two phenotypes (66) . The suggested default value for the threshold of false discovery rate (FDR) by GSEA is 25%.
Coexpressed genes in other muscle tissue samples. We compare the differentially expressed genes as the query to retrieve coexpressed genes in other microarray data from muscle samples. The algorithm is based on SEEK (Search-based Exploration of Expression compendium) http://seek.princeton.edu/ (73). SEEK gathers 5,210 microarray datasets and RNA-Seq platforms from various tissues such as cancer cells, skeletal muscle, and endothelial cells. We choose "muscle (noncancer)" in SEEK to refine the results with the microarray data from other muscle samples. determined by the number of coexpressed genes in that dataset, so the dataset with higher weight represents more relevance to the query genes. The P value is computed by random coexpressed edges from a random set of genes of the same size.
RESULTS
Differences in perfusion recovery and cell death between two mouse strains at day 3 post-HLI. Though there are wellestablished differences in outcomes between inbred mouse strains, the time course following surgical HLI can be informative. We have used the strategy to select time points following HLI when outcomes are similar (27) . To compare array data we wanted to verify that outcomes between the C57BL/6 and BALB/c were similar at the selected time point. Indeed, no significant differences in the extent of perfusion recovery between scrambled miR-93 mimic-treated BALB/c (day 0: 23.43 Ϯ 1.97, day 3: 32.28 Ϯ 2.8 means Ϯ SE) and scrambled antagomir-93-treated C57BL/6 (day 0: 28.48 Ϯ 0.99, day 3: 29.67 Ϯ 3.73 means Ϯ SE) at day 3 post-HLI were observed (P ϭ 0.52). Furthermore, there were no significant differences in Bcl2/Bax ratios (P ϭ 0.49) or activation of caspase-3 (P ϭ 0.17) between scrambled miR-93 mimic-treated BALB/c and scrambled antagomir-93-treated C57BL/6 gastrocnemius muscle samples day 3 post-HLI (Fig. 2) .
Construction of the angiome, immunome, and arteriome. We have used our machine learning algorithm GeneHits to construct the global PIN of angiogenesis (angiome) comprising 1,233 proteins and 5,726 interactions (12) . In this study, we Table S1 ). 1 We refer to immune response as "inflammation" in this study. The number of genes in the immunome may be more than the genes annotated as inflammation; however, this large set of genes in the immunome allows us to have a large pool of genes related to inflammation and that overlap with angiogenesis and arteriogenesis in PAD. The arteriome comprises 289 proteins and 803 interactions (Supplemental Table S2 ). We compared the three sets in a Venn diagram (Fig. 3) and list the overlapped genes among the three sets in Supplemental Table S3 . The high overlap of genes between angiome and immunome might reflect the regulation by endothelial cells of various biological processes, including both vascular and immune response (15) .
Differentially expressed genes in mouse PAD model. We then systematically identified differentially expressed genes from the four microarray datasets in Table 1 by GenePattern 3.6.1 (51) . First, we compared the gene expression transcripts from ischemic vs. nonischemic gastrocnemius muscle from C57BL/6 mice, as an example of a strain with a favorable/ desirable response. Then we compared the gene transcripts from ischemic vs. nonischemic gastrocnemius muscle from BALB/c mice, as an example of a strain with a nonfavorable/ undesirable response. Next, we compared the differential gene expression of ischemic samples between C57BL/6 and BALB/c mice. Finally, we compared the differential gene expression of nonischemic samples between C57BL/6 and BALB/c mice.
We sorted all 21,747 genes by fold change in each experimental condition of the four comparisons (Supplemental Table  S4 ). The gene name, z-score, P value, fold change, and mean and SD of all the genes in each experimental condition of the four comparisons are provided in Supplemental Table S4 . We constructed a volcano plot of log2 (fold change ratio) vs. Ϫlog10 (P values) from the differentially expressed genes between ischemic vs. nonischemic C57BL/6 in Fig. 4 . We identified the differentially expressed genes that are included in the angiome, immunome, and arteriome, with the absolute fold change ranked as top 5% of all the genes and P value Ͻ0.05; the list of differentially expressed genes between ischemic vs. nonischemic gastrocnemius muscle in C57BL/6 and BALB/c mice is provided in Supplemental Table S5 . Many of the differentially expressed genes in Supplemental Table S5 are in the immunome, i.e., within the areas B, AB, BC, or ABC in the Venn diagram in Fig. 3 . We present the top five up-and downregulated genes with the highest absolute fold change under the statistical significance P value Ͻ0.05 in Table 2 , A and B, respectively. For example, the anti-angiogenic protein thrombospondin-1 (THBS1) is identified by its upregulated fold change as 1.66 with the P value 0.0418. Notably, the next four proteins on the list belong to the immunome, but not to angiome or arteriome. Among the downregulated genes, the top one that belongs to both angiome and immunome is MAP2K4, a known signal transduction molecule. We also list the top five up-and downregulated genes between ischemic and nonischemic BALB/c mice in Table 2 , C and D, respectively. For example, toll-like receptor 4 (TLR4) is identified with the upregulation fold change 1.614 and P value 0.004. It is noteworthy that EPHA4 (Ephrin receptor A4) is in the angiome/immunome/arteriome intersection.
To visualize the PADPIN, we selected the top 10 upregulated and top 10 downregulated genes with the highest absolute fold change under the statistical significance P value Ͻ 0.05 between ischemic vs. nonischemic gastrocnemius muscle in C57BL/6 and BALB/c mice, respectively (Supplemental Table  S5 ). We selected the proteins in the angiome, immunome, and arteriome that are linked to the 20 proteins with the most differentially expressed gene expression in C57BL/6 and BALB/c mouse to construct the representative subnetwork of PADPIN in Figs. 5 and 6, respectively. The color of nodes from red to blue represents the gene expression level from high to low. The size of nodes from large to small represents the degree of nodes, i.e., the number of interactions, from high to low. Several proteins that are linked to the proteins (i.e., genes) in Supplemental Table S5 but absent in this table are the figures, such as CD47 linked to THBS1 in angiome (Fig. 5) and TLR7 linked to TLR4 in immunome (Fig. 6) . The total number of proteins in Fig. 5 (C57BL/6) is 395, which is more than the number of proteins in Fig. 6 (BALB/c) as 215; this difference is due to the interactions in the angiome, immunome, and arteriome. The numbers of proteins in the PADPIN of C57BL/6 (Fig. 5) in the Venn diagram A, B, C, AB, BC, AC, and ABC (Fig. 3) are 15, 207, 0, 146, 6, 3, and 18 , respectively. The numbers of proteins in the PADPIN of BALB/c (Fig. 6) in the Venn diagram A, B, C, AB, BC, AC, and ABC (Fig. 3) are 4, 112, 2, 70, 3, 2, and 22, respectively. The ratio of the number of proteins annotated in angiome and immunome to the total 395 proteins (C57BL/6, Fig. 5 ) is 46% (ϭ 182/395) and 95% (ϭ 377/395) in PADPIN of BALB/c, and 45 and 96% in PADPIN of C57BL/6, respectively. This ratio might reflect the fact that the number of proteins in immunome is more than in angiome, and both PINs are larger than arteriome. The distinct visualization of PADPIN between the two PADPINs in Figs. 5 and 6 clearly shows the diverse molecules involved in ischemic vs. nonischemic tissues between the two mouse strains; we will specifically compare the gene expression between the two mouse strains in the following paragraph.
Differentially expressed genes between two inbred mouse strains. The BALB/c mice show much poorer perfusion recovery after HLI following ligation of the femoral artery. We further compare the differential gene expression between C57BL/6 vs. BALB/c mice of ischemic and nonischemic muscles, respectively, with absolute fold change value ranked as top 5% of all the genes and P value Ͻ 0.05 in Supplemental  Table S6 . There are 197 and 175 differentially expressed genes between the two mouse strains in ischemic and nonischemic muscles, respectively. Even under normal conditions in nonischemic muscles, the 69 up-and 106 downregulated gene expressions in Supplemental Table S6 strongly suggest the highly diverse gene expression profiles between the two mouse strains. We show the top five up-and downregulated genes between C57BL/6 vs. BALB/c mice of ischemic muscles in Table 3 , A and B, and nonischemic muscle in Table 3 , C and D, respectively. We used Toppgene (9) for the gene list enrichment analysis of these differentially expressed genes between the two strains (Supplemental Table S7 ). Supplemental Table  S7 shows that the statistically significant GOs and pathway analysis between two mouse strains in ischemic tissues include cell proliferation (GO:0008283, P value ϭ 8.73E-18), positive regulation of immune system process (GO:0002684, P value ϭ 1.15E-09), negative regulation of apoptotic process (GO: 0043066, P value ϭ 1.29E-09), mTOR signaling pathway (P value ϭ 8.08E-08), insulin signaling (P value ϭ 2.29E-07), and PI3K-Akt signaling pathway (P value ϭ 3.08E-06). The statistically significant GOs and pathway analysis between two mouse strains in nonischemic tissues include cell proliferation (GO:0008283, P value ϭ 9.08E-19), apoptotic process (GO: 0006915, P value ϭ 1.90E-11), vasculature development (GO: 0001944, P value ϭ 4.73E-11), pathways in cancer (P value ϭ 4.49E-07), insulin signaling (P value ϭ 6.75E-07), and PI3K-Akt signaling pathway (P value ϭ 2.02E-05). The GO and pathway analysis show the different regulation of cell proliferation, apoptosis, vasculature, and immune responses between the C57BL/6 and BALB/c mice.
We applied GSEA (66) to determine whether an a priori defined set of genes shows statistically the significant differences between two phenotypes, e.g., C57BL/6 and BALB/c mice; the Kolmogorov-Smirnov test was used to determine the significance of the enrichment. The significant FDR q-value could indicate that the proteins in the angiome, immunome, or arteriome are disproportionally ranked at either the head or tail of the ranked list. By comparing the gene transcripts between C57BL/6 with BALB/c ischemic muscles, we computed the q-value as 0.085, 0.089, and 0.276 in angiome, immunome, and arteriome, respectively. The set of angiogenesis and immune response-related proteins was significantly perturbed in ischemic tissues between the two mouse strains by the computed q-values, but the set of arteriogenesis-related proteins was not. The q-values for the nonischemic muscles between the two mouse strains are 0.305, 0.313, and 0.591 in angiome, immunome, and arteriome, respectively. Neither the angiogenesis-, immunity-, nor arteriogenesis-related proteins were significantly perturbed in nonischemic tissues between the two mice strains.
Comparison with other microarray datasets from muscle samples. The microarray data in our analysis are from the gastrocnemius muscles (27) , which contain the skeletal myocytes, fibroblasts, inflammatory cells, and endothelial cells. This heterogeneous bulk tissue reflects the complexity of different cells in the mouse PAD model, which is the limit of our bioinformatics analysis. To overcome this difficulty, we compared the coexpressed genes with the microarray data from other muscle samples. We used the list of up-and downregulated genes between ischemic and nonischemic tissues of the two mouse strains (Supplemental Table S5 ) as the input query to SEEK http://seek.princeton.edu/. We compared the differentially expressed genes in our PAD model with other microarray datasets from muscle tissues by the coexpression genes of the query. This analysis can help identify cell-specific genes and compare with other microarray data from muscle samples, which are not specific to PAD.
The output of query-weighted dataset of the SEEK analysis is shown in Supplementary Table S9, which is ranked by the query relevance. The output of the coexpressed genes is in Supplementary Table S10, which is ranked by the coexpression score. We found that three most relevant datasets are GSE21212 (5), GSE13791 (13) , and GSE13736 (65) based on endothelial cells and fibroblasts. The coexpressed genes in the endothelial cell-specific dataset (GSE13736) (65) support our analytical results that our bioinformatics results from the gastrocnemius muscle samples reveal angiogenesis-related genes.
DISCUSSION
The major goal of this bioinformatics study was to identify potential targets to treat PAD by comparing the sets of genes (between better recovery and worse recovery mouse strains) that can play critical roles in modulating angiogenesis, arteriogenesis, and inflammation. We observed a high level of overlap between angiome and immunome (Fig. 3) , indicating extensive cross talks between systemic immune responses and vasculature in ischemic hindlimb. We observed that there are 69 upand 106 downregulated genes at basal levels (nonischemic) in BALB/c and C57BL/6 mice, respectively (Supplemental Table  S6 ). This suggests highly diverse gene expression changes in the hindlimb between the two mouse strains. It is well known that genetic differences between C57BL/6 and BALB/c play critical roles in their recovery from ischemic hindlimb injury (16, 19, 57) . Differences in these genes at their basal level can strongly predispose these mouse strains either to adapt and to recover better or to become more susceptible and recover more poorly from ischemic hindlimb injury. The contribution of these genes in the apparent ability of C57BL/6 vs. BALB/c to adapt and recover from acute ischemic leg injury by promoting arteriogenesis or angiogenesis or by modulating immune responses needs to be further investigated.
The driving stimuli of arteriogenesis include shear stress and inflammation, whereas angiogenesis is driven by the hypoxic environment that develops due to the occlusion in PAD (1). The process of pre-existing network of arterioles to form functional collaterals to bypass vascular obstruction is referred to as arteriogenesis, which is distinguished from angiogenesis (69) . The hemodynamic factors and biochemical signaling in the arteriolar network that contribute to functional collaterals are not yet clear (58) . A dysfunctional arteriolar network has been observed in diabetic peripheral artery obstructive disease with critical limb ischemia. The inability of the arteriolar network to promote an effective VEGF-driven arterial wall neoangiogensis leads to increased arterial damage (48) . These reports clearly indicate that the blood flow disturbances at the site of occlusion can lead to significant changes in gene expression as well as in the phenotypical changes in the vessel wall. More work is needed to understand the signaling events that can separate arteriogeneic signaling events from angiogenic signaling events in ischemic diseases.
Differences between the two selected mouse strains. BALB/c strain has fewer native collaterals in hindlimb than C57BL/6, which are associated with greater reduction in perfusion immediately after femoral ligation, slower recovery of perfusion, and worse ischemia (7). However, perfusion scores and capillary density are similar between the two strains at day 3 post-HLI (56) . A clear demarcation in the extent of perfusion recovery between the two strains was apparent by day 7. In our current study, choosing day 3 post-HLI samples is very critical. By day 7 post-HLI, several dramatic changes in blood flow and cell death occur between these two strains, making it difficult to delineate the network interactions that are associated with changes in blood flow and cell death signaling cascades. In addition to baseline differences in collaterals, cell death signaling pathways and immune cell interactions might be different between C57BL/6 and BALB/c mice. To overcome this limitation, we chose the mice that have similar perfusion scores and cell death evident by no differences in Bcl2/Bax ratios or caspase-3 activation at day 3 post-HLI for microarray analysis (27) (Fig. 2) . This allows us to perform microarray analysis between two mouse stains that are relatively similar in perfusion flow recovery and tissue necrosis/cell death post-HLI and make our microarray data analysis between these two mouse strains more robust. Hence, we expect that even though both strains differ largely at baseline in collaterals, using the samples at day 3 post-HLI along with their respective nonischemic hindlimb controls greatly increase the strength of the data.
Using different methodologies, investigators have shown the causative genetic variations to angiogenesis and arteriogenesis between the mouse strains to be linked to Lsq1 and Candq1 (now called determinant of collateral extent) quantitative trait loci on chromosome 7 (16, 59) . The current study is the first to compare the differentially expressed genes between two mouse strains of ischemic and nonischemic muscle samples. We notice that the seven specific genes in Candq1 (Rabep2, Sh2b1, Cln3, Apobr, Il27, MapK3, and Ppp4c), which are related to endothelial cells (59), are not listed as differentially expressed genes in Supplemental Table S6 . We identified differentially expressed genes between the two mouse strains based on the microarray data analysis, and we correlated them with the differences in collateral blood flow.
Target identification for therapeutic angiogenesis. One of the limitations for the study is the unavailability of the gene expression data from muscles of human PAD patients; the available data are from diseased arteries or blood cells. The microarray data in Ref. 18 collected 30 femoral arteries, including 11 intermediate lesions, 14 advanced lesions, and 5 normal femoral arteries. The samples of microarray data in Ref. 14 were harvested from the thromboendarterectomy specimens of common femoral artery in 20 patients with PAD. The peripheral blood mononuclear cells were isolated by layering the blood samples over histopaque (42) . To overcome these limitations, we compared the differentially expressed genes between ischemic vs. nonischemic C57BL/6 and BALB/c mice with the three microarray datasets in PAD patients (14, 18, 42) . We notice that all these tissues are very different from gastrocnemius muscles used in Hazarika et al. (27) . While limitations exist in all animal models, factors that adversely limit the extent of perfusion recovery or increase the degree of tissue loss in humans have parallel effects in mouse models of PAD. We performed bioinformatics analysis to explore these datasets and compare differential gene expression between ischemic and nonischemic C57BL/6 and BALB/c mice with three PAD patients' microarray sets; this analysis gave us important biological insights to predict new targets of therapeutic angiogenesis.
In some cases, gene expression changes in the muscle can also be detected in peripheral blood cells. We compared the list of differentially expressed genes from mice with peripheral blood mononuclear cells from human PAD patients (42) using Gene Expression Omnibus ID accession number GSE27034. Table 4 lists the fold change values for genes in angiome and immunome from each study. We observed the general similarity of upregulated genes between mouse and human samples, but some changes have opposite directions of fold change. The diverse microarray protocol, platforms, and tissue resources may limit the comparability in Table 4 . We also notice that the fold change (PAD/control) of TLR4 in Croner et al. (14) is 40.57, which is much higher than any other microarray data.
In Table 4 , we notice that THBS1 is upregulated in the ischemic vs. nonischemic muscle samples of C57BL/6 mice (27), human femoral arteries (18) , and human peripheral blood mononuclear cells (42) . A previous study of Isenberg et al. (32) shows that the whole tissue cAMP levels in THBS1 null mice are elevated. Yao et al. (72) show that THBS1 can limit cAMP-mediated events in vascular smooth muscle cells (VSMC) and arterial rings. In PAD patients, the basal muscle dialysate protein level of THBS1 with exercise and passive movement was higher than healthy control subjects (28) . Inhibition of THBS1/CD47 signaling has also shown to promote tissue recovery and survival rate in aged and diet-induced vasculopathy in experimental animal models of PAD (30) . We predict that the inhibition of THBS1 is a potential therapeutic angiogenesis target for PAD patients. Nitric oxide (NO) modulates blood flow and tissue perfusion by relaxing and dilating the arteries. THBS1, through its cell surface receptor CD47, limits the availability of NO and thus decreases tissue blood flow and perfusion (53) . Blockage of THBS1-CD47 signaling pathways could alleviate tissue ischemia in the animal models, such as enhancement of ischemic tissue survival in a porcine model (33) and prevention of necrosis of full thickness skin grafts (31) . THBS1 has also been proposed as the potential biomarker of PAD (62) . Thus, we propose that THBS1 and its receptors CD47 or CD36 are the therapeutic targets for PAD.
Following the identification of THBS1 as a potential novel target in PAD, we examine other molecules that are associated with THBS1 (Supplemental Table S8 ). None of the four genes CD47 (leukocyte surface antigen CD47), F2 (prothrombin), SDC4 (syndecan-4), and CD36 (platelet glycoprotein 4) under the GO: 0070053 thrombospondin receptor activity is up-or downregulated. Binding of THBS1 to CD47 inhibits NO signaling by inhibiting the cGMP synthesis (29) . We found the 93 genes involved in NO pathway (Supplemental Table S8 ), based on GO:0007263 NO-mediated signal transduction and SABiosiences NO signaling pathway http://www.sabiosciences.com/ rt_pcr_product/HTML/PAHS-062A.html. In addition to THBS1, nitric oxide synthase 1 exhibits upregulation with the fold change 5.173 and P value ϭ 0.038 between the ischemic tissues of C57BL/6 and BALB/c mice. We did not find any other genes involved in the NO pathway between ischemic vs. nonischemic tissues in the two mouse strains. THBS1 is also a major activator of transforming growth factor-␤1, which mediates cell proliferation, wound healing, and the immune response (40) . We found 429 genes in GO:0008283 cell proliferation (Supplemental Table S8 ). The upregulated genes in ischemic vs. nonischemic muscle samples of C57BL/6 mice involved in cell proliferation include BIRC6, WWTR1, and HIPK2. The downregulated genes in ischemic vs. nonischemic muscle samples of C57BL/6 mice include CLCF1, PTK2, DLG1, FGFR1, and MDM2. Tetraspanin-7 is the top gene that is downregulated in ischemic C57BL/6 muscle compared with nonischemic. Tetraspanin-7 belongs to tetraspanin family and has been shown to be involved in HIV-1 infection (55). It has also been shown to interact with PrPC (24) . The role of Tetraspanin-7 in vascular biology or in PAD is not known. In addition to THBS1, we notice that TLR4 is listed in the top 5% of upregulated genes in Supplemental Table S5 (fold change ϭ 1.366, P value ϭ 0.036) in ischemic vs. nonischemic C57BL/6 mice (Supplemental Table S5 ) and the top gene that is upregulated in ischemic BALB/c muscle compared with nonischemic, which are also listed in Croner et al. (14) and Masud et al. (42) . TLR4 plays the pivotal role in inflammation and neuronal apoptosis of cerebral ischemia, and inhibition of TLR4 can reduce cerebral ischemia-induced shear stress (67) . TLR4 was overexpressed in the serum samples from PAD patients after treatment with anti-␤2-glycoprotein I (ABGPI) antibodies (70) . SLC22A4 [solute carrier family 22 (organic cation/zwitterion transporter), member 4] is the top gene that is downregulated in BALB/c ischemic muscle compared with nonischemic. The role of SLC22A4 in vascular biology or ischemic diseases is not yet clear (61) . PRKAA2a (AMPKa2) is the top gene that was upregulated in the C57BL/6 vs. BALB/c ischemic and nonischemic muscle comparison. PRKAA2a has been shown to have a great impact as a metabolic sensor in skeletal muscle (45) . Exercise intensity has been shown to be correlated with the increasing activity of PRKAA2a in human skeletal muscle (10) . Furthermore, activation of PRKAA2a significantly improved the exercise performance and vascular insufficiency in high-fat diet-fed mice (4). PRKAA2a gene variants are associated with total cholesterol and serum lipoproteins in normal female Caucasians (64) . Interestingly, increased cAMP levels were well known to activate PRKAA2a (47) , and platelet-derived TSP-1 has been demonstrated to block PGE2-induced cAMP2 levels (52) . Furthermore, skeletal muscle, VSMC, and cardiac tissue from TSP-1 null mice have significantly higher basal cAMP levels (32, 72) . Hence, it can be hypothesized that increased TSP-1 levels can decrease cAMP levels, which can decrease PRKAA2a activation and the angiogenic state in ischemic muscle (34, 60) . These reports point toward more complex TSP-1, PRKAA2a and cAMP interactions that are occurring between immune cells and vasculature in ischemic hind limb. EIF2S1 (eukaryotic translation initiation factor 2, subunit 1 alpha, 35 kDa) is the top gene that is down-regulated between C57BL/6 vs. BALB/c ischemic and nonischemic muscle. Phosphorylation of EIF2S1 has been shown to play prominent roles in cerebral ischemia (20) . The functional role of EIF2a in PAD is not yet clear.
Interestingly, EphA4 was the only gene at the intersection of arteriome, angiome, and immunome in Table 2 . The Ephrin family is a large family of receptor tyrosine kinases that play critical roles in angiogenic remodeling of blood and lymphatic vessels (38) , axonal guidance and cortical development (46) , and tumor angiogenesis (49) . EphA4-deficient mice exhibits abnormal blood-spinal barrier characteristics, displaying a loss of tight association of astrocytes with blood vessels and leaky blood-spinal barrier (22) . EphA4 is expressed on both small and large blood vessels correlating with our angiome and arteriome intersection in the bioinformatics analysis. Furthermore, EphA4 has also been shown to modulate adhesion of monocytes to endothelial cells in human atherosclerosis plaques (35) . EphA4 constitutively associates with ␣ IIb ␤ 3 integrin in platelets, and activated platelets upregulate the surface expression of EphA4 (50) . Taken together, the functional and expression profiles of EphA4 closely match the arteriome, angiome, and immunome intersection in our bioinformatic analysis. Since it has been shown that blocking EphA4 decreases angiogenesis (25) , understanding the biochemical signaling events between proangiogenic EphA4 and antiangiogenic THBS1 in activated platelets in the pathologies of thrombosis and atherosclerosis in PAD is important and interesting. The bidirectional cross talk of platelets and vascular wall in the ischemic environment involving EphA4 and THBS1 is intriguing.
Tissues from the gastrocnemius muscles. The sample tissue in our microarray data is from the gastrocnemius muscle instead of abductor muscle. This might be one of the major reasons that we obtained a limited number of proteins related to arteriogenesis in the microarray analysis and PADPIN ( Fig.  5 and 6 ). The main reason for choosing the gastrocnemius muscle in the microarray is that the abductor region of thigh is well known to be very heterogeneous, even within each mouse, making the predictions variable and limited. It has been shown that lack of angiogenesis in the distal part of the leg, i.e., gastrocnemius and tibialis anterior, will not result in efficient perfusion recovery (26, 44) . Therefore, using gastrocnemius muscle in this study has the advantage of identifying the gene changes in the distal muscle that are critical for perfusion recovery and will provide more clinically relevant information to promote perfusion recovery in PAD.
RNA isolated from gastrocnemius muscle is overwhelmingly from skeletal muscle fibers, fibroblasts, smooth muscle cells, and immune cells infiltrating the ischemic tissue. It is difficult to separate cell-specific molecular changes with our previous methodology (27) . We do not know the contributions of different cells and their impact on the microarray data in the bulk human tissue. Laser microdissection could provide a solution, but in most cases it is not feasible. We provide the computational simulations using SEEK (73) in Supplementary  Tables S9 and S10 , which show that we were able to isolate the signals from endothelial cells in gastrocnemius muscles. The use of different tissues, e.g., the thigh and peripheral blood mononuclear cells, to identify the molecular changes should be very valuable and informative in future studies.
Conclusions
By using the machine learning tools, protein-protein interaction databases, microarray study, and GO analysis, we constructed global PIN of angiogenesis, immune response, and arteriogenesis; identified novel genes; and predicted therapeutic targets that play critical roles in peripheral arterial disease. This study provides bioinformatics predictions for future ex-perimental validation in peripheral arterial disease, including applications to computational drug repositioning.
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